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Abstract 
In this study, we investigate the driving forces of plate motion, especially those of plate spin motion, that are related 
to the toroidal components of the global plate velocity field. In previous works, numerical simulations of mantle 
convection have been used to examine the extent to which toroidal velocity components are naturally generated on 
the surface, by varying key parameters, notably the rheological properties of plates and plate boundaries. Here, we 
take the reverse approach and perform analyses of observed plate motions, which show an increase in the toroidal/
poloidal ratio at high degrees of spherical harmonic expansion, as well as a rapid change in the plate spin rate and the 
estimated driving stress around a critical plate size of approximately 1000 km. This quantitative relationship constrains 
the strength at plate boundaries to 3–75 MPa, which is consistent with several seismological observations, including 
those from the NE Japan arc associated with the 2011 Tohoku earthquake.
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Background
A unique feature of the Earth is active plate tectonics 
(Schubert et  al. 2001), involving rigid plates that inter-
act at “soft” boundaries, the nature of which allows the 
relative motion between plates. Significant differences 
between the physical properties of plates and plate 
boundaries (e.g., strength and rheological properties) 
are critical to plate dynamic motions and contribute to 
the “toroidal motions” of the plates (e.g., Bercovici 2003; 
Moresi and Solomatov 1998), especially the significant 
strike-slip and spin motions of the plates (e.g., Berco-
vici and Wessel 1994; Cadek and Ricard 1992; Hager and 
O’Connell 1978; Lithgow-Bertelloni and Richards 1993; 
O’Connell et al. 1991; Olson and Bercovici 1991). In the 
absence of such differences, plate motions would likely be 
dominated by “poloidal motions,” i.e., velocity fields with-
out vertical vorticity at the Earth’s surface.
The high toroidal/poloidal kinetic energy ratio, which 
characterizes plate tectonics, has been used as a cri-
terion to evaluate the accuracy of three-dimensional 
simulations of mantle convection that naturally repro-
duce the surface motions of plate tectonics (e.g., Richards 
et  al. 2001; Tackley 2000a, b). However, the mechanism 
of the plates’ motions is not well understood at present 
(Bercovici 2003; Lithgow-Bertelloni and Richards 1993). 
If plate boundaries were sufficiently “hard” (i.e., rigid) to 
suppress relative plate motions, then the toroidal motion 
could not be generated. As the strength of plate bound-
ary decreases, an appreciable toroidal motion begins to 
occur (Zhong et al. 1998), indicating that the mechanical 
strength of plate boundaries plays a key role in the plate 
dynamics of the Earth. Accordingly, a number of forward 
numerical simulations have examined various physical 
properties of the plates and their boundaries to repro-
duce Earth-like surface motions (e.g., Foley and Becker 
2009; Lenardic et  al. 2006; Richards et  al. 2001; Tackley 
2000a, b; van Heck and Tackley 2008).
Here, we adopt a different approach: Based on the 
observations of plate motion, we attempt to find the 
relationship between the motions and the mechanical 
strength of plate boundaries. We begin with a toroidal–
poloidal decomposition of plate motion, based on the 
latest plate configurations (Argus et al. 2011; Bird 2003), 
to capture the global features of the velocity field. Then, 
we examine the motions of individual plates, particularly 
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their spin motions, which may determine the constraints 
on the strength of plate boundaries, using a force balance 
approach.
Toroidal–poloidal analysis
First, we performed a spherical harmonic expansion of 
the plate velocity field (e.g., Hager and O’Connell 1978). 
Plate boundaries (which include a narrow deformation 
zone) are key to the characterization of plate motions 
(Bercovici 2003; Gordon 2000); therefore, we used the 
high-resolution plate model of Bird (2003) (PB2002), 
which includes 52 plates defined by topography, volcan-
ism, magnetic anomalies, moment tensor solutions, and 
geodesy. Then, we prepared a detailed global dataset at a 
resolution of 0.1◦, and based on a hotspot reference frame 
(Gripp and Gordon 2002), we calculated the toroidal–
poloidal components for spherical harmonic degrees that 
were higher than those performed in previous studies 
(l = 1000; i.e., to a resolution of ∼20 km), by developing 
a new code that utilizes the parity of spherical harmonics 
(“Additional file 1”). The ratio γ (l) of the toroidal power 
σT(l) to the poloidal power σP(l) is calculated as
where clm and blm represent the toroidal and poloidal 
coefficients of the velocity fields, respectively, and the 
asterisk denotes the complex conjugate. Note that the 
first-degree term in the toroidal expansion corresponds 
to the net rotation of the lithosphere, which depends on 
an absolute reference frame; we therefore do not discuss 
this term in this study.
The result of the spherical harmonic expansion is 
shown in Fig. 1. Although O’Connell et al. (1991) argued 
that the ratio of the amplitude of the toroidal to poloidal 
spectra is nearly constant for l < 32 (at ∼0.8), our new 
result, applicable to higher harmonics, shows that the 
amplitude ratio is broadly trends toward higher values 
for l > 20, which corresponds to a scale <1000 km, and is 
demonstrated by the approximate lines in Fig. 1.
To estimate the error of this result, caused by the 
uncertainties in plate motions, we calculated the toroi-
dal/poloidal ratio of another plate model, NNR-MOR-
VEL (Argus et al. 2011). The result is indicated by the red 
line in Fig.  1 and demonstrates that there is a little dif-
ference in the toroidal/poloidal ratio between the plate 
models, indicating that the error of plate motion in a 
plate model is negligible and the trend of toroidal/poloi-
dal ratio in this analysis is robust.
The increase in the ratio of the amplitude of toroidal 
to poloidal spectra is probably the result of two factors: 
















plate spin motion, with decreasing plate size; the other is 
related to plate geometry, such as systematic changes in 
the aspect ratio of plates with varying plate sizes (Olson 
and Bercovici 1991). To quantitatively examine the effects 
of plate geometry and motion on the toroidal/poloidal 
ratio, we focused on individual plates and investigated 
variations in the geometries and motions of plates with 
variations in plate size.
Analysis of individual plates
To resolve the effects of plate geometry on toroidal/poloi-
dal ratios, we quantified the aspect ratio of each plate with 
respect to its size. Hereafter, we analyze all the individual 
plates in the PB2002 data except for the plates dominated 
by active deformation zones that are expected to be inac-
curate as a “rigid” plate in the plate model, such as the 
Balmoral Reef plate and the Aegean Sea plate. The size 
of each plate was represented by the diameter of a circle 
with an equivalent plate area. Olson and Bercovici (1991) 
demonstrated that the aspect ratio of a plate (i.e., the ratio 
of the plate length along the plate motion Lp to the plate 
length normal to the motion Ln) has the following rela-







Fig. 1 Ratio of toroidal to poloidal power as a function of spherical 
harmonic degree. The blue and red spectra represent the ratios of 
the plate model from PB2002 (Bird 2003) and NNR‑MORVEL (Argus 
et al. 2011), respectively. The upper horizontal axis shows the scale of 
motion corresponding to the spherical harmonic degree. There are 
four logarithmic trendlines to fit the data of PB2002: the broken black 
line is the quadratic fitting curve for the whole spectrum, the yellow 
line is the linear fitting line for the range from 100 to 1000 km in the 
scale of motion, and the gray dotted and solid lines represent linear fit‑
ting lines for l < 20 (>1000 km) and l > 20 (<1000 km), respectively. 
The range for the yellow line (100–1000 km) is important for the analy‑
sis of individual spin motion and the dynamics (Figs. 5, 6). The ratio of 
total toroidal power to total poloidal power, γ , is 0.752 for PB2002
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Although Eq.  (2) is obtained for a highly idealized 
geometry, this relationship is valid for slightly more gen-
eralized cases as shown in Fig. 2, in which the relationship 
between the aspect ratio, plate size and the toroidal/
poloidal spectra has been calculated and plotted. Figure 2 
shows that the higher aspect ratio increases the toroidal/
poloidal ratio, especially at high degrees of spherical har-
monics (b, c and d in Fig.  2), and such increased toroi-
dal/poloidal ratios occur at higher spherical harmonic 
degrees (i.e., finer scale of motion) for the smaller plate 
(c in Fig. 2). Therefore, γ in Eq. (2) can be regarded as a 
good measure to investigate the influence of plate geom-
etry on the toroidal/poloidal ratio. Accordingly, we esti-
mate the lengths of each plate in the directions parallel 
and normal to the observed plate motion. Figure 3 shows 
that although the aspect ratio of five plates exceeds 9 
around the plate size of 1000  km, the aspect ratio does 
not systematically vary with plate size, indicating that 
aspect ratio is not the primary cause of the systematic 
increase in the toroidal/poloidal ratio observed in Fig. 1.
Subsequently, we examined individual plate motions 
with respect to plate size. For the analysis, we divided 
plate motions into two types, spin motion and straight 
motion. The plate spin motion generates a shear motion 
at the plate boundary and is associated with toroidal 
motion, whereas straight plate motion results in poloidal 
motion at both subduction zones and ridges, and toroi-
dal motion along transform faults. Therefore, the ratio of 
spin motion to straight motion can be used as an index of 
the toroidal/poloidal ratio.
To obtain the spin and straight motions of individual 
plates, we divided the Euler vector of each individual 
plate into two components: a vector that passes verti-
cally through the geometric center of the plate, which 
is related to the spin motion and has a magnitude (i.e., 
angular velocity) defined as ωC, and a vector perpen-
dicular to the first vector, which passes through the 
Earth’s center and is related to the motion along a great 
Fig. 2 Relationship between the plate size, aspect ratio, plate 
motion, and toroidal/poloidal ratio, based on several idealized cases. 
Top idealized plate boundary and its motion. All the plates have the 
same Euler pole at the North pole, and the induced eastward plate 
motions are represented by orange vectors. a a square plate (60◦ × 60◦), 
b a rectangular plate (30◦ × 90◦), c a small rectangular plate with the 
same aspect ratio as in (b) (10◦ × 30◦) and d a rectangular plate with 
a smaller aspect ratio than (b) and (c) (i.e., closer to square, 30◦ × 60◦). 
Bottom toroidal/poloidal (T/P) ratios for the plate motions of (a–d). 
Compared to the square plate (a) that has almost equal toroidal–
poloidal power, i.e., T/P ratio ∼1, the rectangular plate (b) shows 
increased T/P ratios at higher spherical harmonic degrees (i.e., finer 
scale of motion). For the rectangular plate (d), the T/P ratio is smaller 
compared with (b), which suggests that the aspect ratio affects the 
amplitude of toroidal–poloidal spectra (a larger aspect ratio increases 
the T/P ratio). In addition, the small rectangular plate (c) shows signifi‑
cantly increased T/P ratios at even higher spherical harmonic degrees 
compared with (b) and (d)
Fig. 3 Aspect ratio of each plate as a function of plate size. Note 
that small plates in this figure (left side) correspond to high spherical 
harmonic degrees in Fig. 1 (right side)
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circle, and whose magnitude is defined as ωG. For plates 
in the PB2002 dataset, plots of ωC and ωG as functions 
of plate size (Fig.  4) show that ωC generally decreases 
with increasing plate size, whereas ωG is roughly con-
stant between 0.1 and 1◦/Myr. As a result, for plate sizes 
<∼1000  km, the difference between ωC and ωG is large 
(Fig. 4). This difference can induce variations in the toroi-
dal/poloidal ratio at high spherical harmonic degrees 
(Fig. 1). Based on these differential variations, we discuss 
the mechanisms and their corresponding force balance 
for the plate motions.
Dynamics of plate spin motion
The driving forces of plate motion are generally classi-
fied into three types (e.g., Forsyth and Uyeda 1975): body 
forces (e.g., slab-pull and ridge-push; hereafter expressed 
as TBD), plate boundary forces (e.g., collision, suction, 
and shear forces between neighboring plates; TPB), and 
resultant resistance forces (e.g., mantle drag and slab 
resistance; TRS). Here, mantle drag (a component of TRS ) 
is treated as a resistive force rather than a driving force 
of plate spin motion, because the toroidal components in 
mantle convection are negligible (Hager and O’Connell 
1978) and are unlikely to excite the spin motion of plates. 
Of these, TBD, in particular the slab pull force, is the main 
driving force of the global plate system (Forsyth and 
Uyeda 1975); TBD contributes primarily to straight plate 
motion, whereas TPB may cause spin motion when torque 
occurs around the center of the plate. However, for the 
slab pull force, spin motion can be excited. One such 
example is the Cocos plate. Gorbatov and Fukao (2005) 
have shown that the northwestern part of the slab was 
torn away from the deeper Farallon slab. It induces the 
heterogeneity of the slab pull forces, including a strong 
northward force from the eastern part of the slab, which 
can lead to the observed counterclockwise spin motion. 
Another example is the Philippine Sea plate that exhib-
its an active spin motion (Seno et al. 1993). Seno (2000) 
suggests that the spin motion results from the eastward 
mantle flow against the Philippine sea slab subducted 
beneath the SW Japan–Ryukyu arc, which is indicated by 
observations of electric conductivity (Handa 2005; Shi-
moizumi et  al. 1997) and mantle anisotropy (Long and 
Hilst 2005). To exclude such complexities associated with 
slabs, we focused on plates without slabs, in which case 
the torque balance around the center of the plate can be 
described with relevant TPB and TRS forces, as discussed 
below. We can express TPB as the driving shear stress 
along a plate boundary σPB and the area receiving the 
stress SPB as
where R is the plate radius, DPB is the average depth of 
the plate boundary sustaining the shear stress, LPB is 
the length of the plate boundary along which the driv-
ing force is applied, and  is the ratio of LPB to the total 
length of the plate boundary. In Eq.  (3), we assume a 
planar plate for simplicity in the calculation of its radius 
and area (which does not affect the results significantly), 
and we can assume that the plate is circular rather than 
spherical shell because the difference in the result is not 
sufficiently significant, the length of the driving plate 
boundary is proportional to the plate size, and  is con-
stant. We also assume the presence of a low-viscosity 
layer (hereafter referred to as the asthenosphere) with 
constant Newtonian viscosity µ and thickness DRS. Then, 
TRS can be expressed as
From the torque balance and Eqs. (3) and (4), we obtain
which indicates that σPB is proportional to R2 and ωC . 
In other words, Eq.  (5) shows that (for a constant ωC) 
as plate size increases (left to right in Fig. 4), the driving 
shear stress increases such that it induces spin motion 
onto a larger plate.
In this context, ωC of a slab-free plate, which is indi-
cated by the blue circles in Fig.  5, generally increases 
with decreasing plate size. One notable feature in Fig. 5 
is the rapid change in ωC around the critical plate size 



















Fig. 4 Plate spin (ωC) and straight (ωG) motions as a function of plate 
size. Blue circles and red triangles represent ωC and ωG, respectively. 
The vertical lines between blue circles and red triangles connect a ωC
, ωG pair for each plate, and the color of the line indicates a larger 
component of either ωC (blue lines) or ωG (red lines)
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of ∼1000 km: above the critical size, ωC values are gen-
erally less than the average rotation rate of the global 
lithosphere (i.e., the net lithospheric rotation; Ricard 
et al. 1991), of ∼0.43◦/Myr, as based on a hotspot refer-
ence frame; below the critical size, however, except for 
two plates, i.e., the Panama plate and the Shetland plate, 
the motions of which are not well determined in PB2002 
model, all ωC values exceed 0.43 ◦/Myr.
It should be noted that the R-ωC variation is not signifi-
cantly affected by the choice of different plate models as 
shown in Fig. 5 [i.e., Pb2002 (Bird 2003), NNR-MORVLE 
(Argus et al. 2011) and GSRM v2.1 (Kreemer et al. 2014) 
that include both no-net-rotation and hotspot reference 
frames for the data acquired by several methods repre-
senting different timescales. See “Additional file 2: Table 
S1” for details]: i.e., almost all the large plates (plate size 
>∼1000 km) show negligibly small ωC less than the net-
rotation rate (0.43), and the rotation direction (clockwise 
or counterclockwise) may vary depending on the refer-
ence frame chosen (as indicated by large error bars with 
downward arrows in Fig. 5), whereas the large ωC is seen 
only for small plates irrespective of the chosen frame 
(Fig. 5).
In order to test such a possibility, we examine the rela-
tionship between R and σPB (the plate boundary shear 
stress driving the spin motion) based on Eq.  (5) and 
observed ωC as shown in Fig. 6, assuming µ = 1020 Pa s, 
DPB = 40  km, DRS = 60  km, and  = 0.25. The uncer-
tainties associated with these assumptions will be dis-
cussed later. It is worth noticing that σPB for plates with 
low rotation rates (the large plates, in general) have 
extremely large uncertainties, indicated by the error bars 
with downward arrows in Fig. 6, and should be regarded 
as upper bounds.
The dashed line in Fig. 6 represents the expected driv-
ing stress induced by the motion of the Pacific plate (cor-
responding to the dashed line in Fig. 5), which limits the 
upper bounds of σPB for the small plates. The small plates 
plot along the dashed line are located next to (or very 
close to) the fast-moving Pacific plate and are expected 
to have a high σPB as in Fig. 6, whereas other small plates 
located next to plates with slower velocities are expected 
to have a lower σPB, which is also seen in Fig. 6. Within 
this context, in order to discuss the maximum stress that 
the plate boundary can sustain, the upper bound of σPB 
and its variation with plate size are thought to be more 
important than the overall data distribution. For large 
plates, σPB is appreciably lower than the prediction of 
the dashed line, indicating that rheological weakening or 
yielding operates on the boundaries of large plates, irre-
spective of the choice of reference frame (Fig. 6).
For small plates (the plate size <∼1000 km, i.e., R < 500 
km), the shear stress driving the spin motion increases 
with R (e.g., the dashed line in Fig. 6), and above a critical 
size Rc, the stress becomes too large to transmit the stress 
Fig. 5 Rotation rate and plate size. Blue circles, red squares, green 
triangles, and purple diamonds represent the data from three different 
models of PB2002 (Bird 2003), NNR‑MORVEL (Argus et al. 2011), GSRM 
v2.1 (Kreemer et al. 2014) in no‑net‑rotation, and hotspot reference 
frame, respectively (see “Additional file 2: Table S1” for the details). 
Vertical bars represent the difference in rotation rate of a plate among 
the three plate models, and the downward arrows indicate that both 
clockwise and counterclockwise rotations occur depending on the 
plate models with different reference frames. The dashed line repre‑
sents the expected rotation rate driven by the motion of the Pacific 
plate (∼10 cm/year)
Fig. 6 The driving shear stress along a plate boundary σPB obtained 
from Eq. (5) as a function of plate size (=2R). The symbols and error 
bars are the same as in Fig. 5. The dashed line is the expected driving 
stress induced by the motion of the Pacific plate (corresponding to 
the dashed line in Fig. 5)
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across the boundary, causing rheological weakening or 
yielding. This critical stress is regarded as the strength 
of the plate boundary. From Fig.  6, the critical stress is 
estimated to be ∼10− 20  MPa for plate sizes between 
∼350−630  km. Accordingly, the rotation rate of plates 
with R > Rc is small as compared to the dashed line in 
Fig. 5.
It can be confirmed that the spin rates of small plates 
are higher than those of large plates, which is the overall 
result, from Fig.  7, which shows that many small plates 
along the “sides” (i.e., along strike-slip boundaries) of 
large fast-moving plates have high spin rates with a rota-
tion direction (clockwise or counterclockwise) consistent 
with the nearly straight motions of large plates that sub-
duct along their margins. This mechanism has been sug-
gested for several individual microplates (e.g., Schouten 
et  al. 1993). Figure 7, for example, demonstrates that in 
the southwestern Pacific, the Pacific plate (PA) excites 
spin motion of the Niuafo’ou plate (NI) and that the Aus-
tralia plate (AU) induces spin motion of the Tonga plate 
(TO) and the Kermadec plate (KE). Along the East Pacific 
Rise, the Pacific plate and the Nazca plate (NZ) drive 
motions of the Easter plate (EA) and the Juan Fernandez 
plate (JZ). Although some of the abovelisted small plates, 
based on PB2002 plate model, are located within deform-
ing zones identified by Kreemer et al. (2014) and could be 
inappropriate to consider them as rigid plates to define 
the spin rate (e.g., KE), the overall configuration remains 
unchanged, including large spin motions of NI, EA, and 
JZ as shown in Fig. 7.
These features, represented in Fig.  7, suggest that 
although some regions (especially Southeast Asia) exhibit 
complex spin directions probably due to interactions 
among the small plates, large fast-moving plates with 
subducting slabs induce spin motion in adjacent small 
plates through interactions along plate boundaries, which 
supports the idea presented above that TPB drives the 
plate spin motions.
In addition, from Eq. (5) and Fig. 6, we obtain a quan-
titative relationship between the viscosity of the astheno-
spheric mantle beneath the plates µa and the strength of 
the plate boundary σst. We substitute the constraints at 
the critical condition, as specified in Fig. 6 (i.e., ωC ≈ 8◦
/Myr, plate size ≈ 630  km and  ≈ 0.25, corresponding 
to the South Bismarck plate attaining the maximum σPB), 
and set DPB = 40 km as the thickness of the plate bound-
ary sustaining the shear stress (e.g., Kohlstedt et al. 1995). 
Then, we obtain the following equation,
which is the basis for Fig.  8. There is an appreciable 
uncertainty with regard to the thickness of the astheno-
sphere beneath the oceanic plates, as it is dependant on 
the observational methods used for measurement (Karato 







Fig. 7 Global geographical distribution of spin motion on a Mercator projection based on the plate model PB2002 (Bird 2003). The blue and green 
curved vectors represent clockwise and counterclockwise spin motion, respectively. The radius of the vector is correlated with the rate of spin 
motion. Black vectors indicate the directions of plate motions of the Pacific plate (PA), the Australia plates (AU), and the Nazca plate (NZ). The two 
letters with each vector identify the plate, AU Australia, EA Easter, JZ Juan Fernandez, KE Kermadec, NZ Nazca, NI Niuafo’ou, PA Pacific, TO Tonga
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seismic velocity [e.g., ∼120 km (Kawakatsu et al. 2009)], 
a high attenuation layer [e.g., ∼140 km (Dziewonski and 
Anderson 1981); ∼60  km (Yingjie et  al. 2007)] with sig-
nificant seismic anisotropy [e.g., ∼120 km (Beghein and 
Trampert 2004)] and a high electric conductivity layer 
[e.g., ∼60  km (Evans et  al. 2005)]. From these observa-
tions, we estimate the thickness of asthenosphere under 
the oceanic plates (DRS) to be 60–140 km.
Equation (6) and Fig.  8 impose several constraints on 
the plate–mantle dynamics. Substituting µa = 1021 Pa s, 
based on the representative viscosity of the upper mantle 
(Peltier 1998), into Eq. (6), we obtain σst = 78–183 MPa 
for DRS ≈ 60–140 km. Considering a more realistic case 
and assuming a low-viscosity asthenosphere, which is 
estimated from post-glacial rebound, seismic data, and 
laboratory measurements as 1019–1020  Pa  s (e.g., Karato 
and Wu 1993; Simons and Hager 1997; Forte and Mitro-
vica 2001), we substitute µa ≈ 1019–1020 Pa s, which 
gives σst ≈ 0.78–18 MPa. This estimate only considers 
the force along the fractional length of the plate bound-
ary , as in Eq.  (3). If we consider the resistive forces 
along the remainder of the plate boundary, with length 
1− , we obtain
where σR is the average resistive stress along the plate 
boundary (which must be less than the strength of plate 
boundary σst). As a result, a lower viscosity µa is required 








equation (6) (broken lines, Fig. 8). Setting σR(≤ σst ≈ 0.78
–18 MPa), µa = 1019–1020 Pa s, and DRS = 60−140 km, 
and considering the uncertainty of plate size in plate 
model, we estimate σst ≈ 3–75 MPa.
In previous studies, the strength of a plate boundary 
was estimated based on seismic observations, particularly 
the spatial mapping of earthquake focal mechanisms and 
their corresponding temporal changes before and after a 
large earthquake; e.g., Hasegawa et al. (2012) used high-
resolution data on the approximately 4000 earthquake 
focal mechanisms in northeast Japan between 2003 and 
2011 and found that the 2011 Tohoku earthquake almost 
completely released the accumulated stress along the 
plate boundary, and they estimated the stress at release 
to be as small as 5–15 MPa, suggesting that the pres-
ence of water weakened the plate boundary fault. Hard-
ebeck and Hauksson (2001) used the focal mechanism 
data of approximately 50,000 earthquakes along the San 
Andreas Fault, mainly between 1981 and 1999, including 
the 1992 Landers earthquake, and estimated the strength 
of the fault to be about 20± 10 MPa, due in part to the 
low mechanical strength of smectite (Carpenter et  al. 
2011). In this study, although the estimated strength of 
3–75 MPa may be regarded as a global average strength 
for a number of plate boundaries of various types, includ-
ing convergent and transform boundaries, the estimated 
strength is consistent with a stress level deduced from 
high-resolution seismic observations of specific areas, as 
mentioned above.
To naturally reproduce plate-like structures and 
motions as part of a mantle convection process, includ-
ing the case of rigid plates with soft plate boundaries, 
three-dimensional numerical simulations have been used 
to investigate critical conditions and requirements, espe-
cially those concerning rock rheology. Tackley (2000b) 
and Richards et  al. (2001) estimated the required yield 
stress of a plate to reproduce Earth-like plate motion on 
the basis of surface velocity fields and obtained results 
of 17–170 and 50–150  MPa, respectively. In addition, 
Bercovici (1993, 1995, 2003) suggested that a pseudo-
stick-slip rheology, in which the stress decreases with 
increasing strain rate after yielding, can reproduce plate-
like motions, in particular a high toroidal/poloidal kinetic 
energy ratio of up to 0.8, which is consistent with ratios 
observed in previous studies (Bercovici and Wessel 1994; 
Hager and O’Connell 1978; O’Connell et al. 1991) as well 
as in this study (Fig.  1). In this context, after exceeding 
the yield stress of plates, the strain can be concentrated 
to form a plate boundary composed of a “damaged” weak 
zone (e.g., Bercovici and Ricard 2014), where the stress 
level is significantly reduced, possibly to the range esti-
mated from seismology and this study, especially when 
water is present to weaken the plate boundary.
Fig. 8 Relationship between the strength of a plate boundary and 
the viscosity of the asthenosphere. The solid black and gray lines are 
obtained from Eq. (6) for DRS = 140 and 60 km, respectively. The 
dotted black and gray lines are obtained on the basis of Eq. (7), corre‑
sponding to the minimum and maximum estimates for the strength 
of plate boundary, respectively. The shaded region shows the range of 
viscosity of the asthenosphere estimated from post‑glacial rebound, 
seismic data, and experimental data (e.g., Forte and Mitrovica 2001; 
Karato and Wu 1993; Simons and Hager 1997)
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The exact rheology and the physical–chemical state of 
plate boundary is a vital problem that will help under-
stand the mechanisms of plate tectonics (e.g., Berco-
vici and Ricard 2014; Gordon 1998, 2000). At present, 
it is difficult to constrain the exact rheology from the 
approach in this study; however, by combining with other 
approaches, such as seismic and geodetic observations on 
both rigid plates and deformation zones (Gordon 1998, 
2000; Kreemer et  al. 2014), field and laboratory studies 
on rock and fault rheology (e.g., Kohlstedt et al. 1995; Sib-
son 2003), and numerical simulation of combined plate 
motion and mantle convection (e.g., Bercovici 2003; Rich-
ards et al. 2001; Tackley 2000b), tighter constraints can be 
obtained to quantify the Earth’s dynamics with regard to 
plate tectonics.
Conclusion
The main objective of this study was to constrain the 
driving forces of plate motion, especially the plate spin 
motion, for which we analyzed the relationship between 
toroidal–poloidal components, plate geometry, plate 
size, spin motion, and their geographical distribution. 
The following results were obtained. First, a continuous 
increase in the toroidal/poloidal ratio at high spherical 
harmonic degrees (>20 up to 1000; Fig.  1) arises from 
an increase in the spin rate of individual plates (Fig.  4), 
rather than a consequence of geometrical factors (e.g., a 
systematic change in aspect ratio with plate size; Fig. 3). 
Second, spin motion of plates without slabs decreases at 
plate sizes of ∼1000 km and greater (Fig. 5), which indi-
cates the strength for plate boundaries (Fig. 6). Third, the 
geographical distribution of spin motion (Fig. 7) suggests 
that large plates with subducting slabs drive the spin 
motion of surrounding smaller plates, similar to gears 
that transmit the shear stress induced by straight motion 
of large plates. Finally, from the dynamic equilibrium of 
spin motion at the critical plate size, we obtain the rela-
tionship between the strength of the plate boundary and 
the viscosity of the asthenosphere. Assuming the viscosity 
and thickness of the asthenosphere to be 1019–1020 Pa s 
and 60–140  km, respectively, we roughly estimated the 
strength of the plate boundary to be 3–75  MPa, which 
is comparable to the stress level estimated from several 
seismological observations, including those in NE Japan 
associated with the 2011 Tohoku earthquake.
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